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Abstract 
The localized plastic flow auto-waves observed for the stages of easy glide and linear work hardening in a number of metals are 
considered. The propagation rates were determined experimentally for the auto-waves in question with the aid of focused-image 
holography. The dispersion relation of quadratic form derived for localized plastic flow auto-waves and the dependencies of 
phase and group rates on wave number are discussed. A detailed comparison of the quantitative characteristics of phase and 
group waves has revealed that the two types of wave are closely related. An invariant is introduced for localized plastic flow 
phenomena occurring on the micro- and macro-scale levels in the deforming solid. 
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1. Introduction 
     Abundant experimental evidence [1-3] shows that the plastic deformation would exhibit a localization 
behavior all the way from yield point to failure, which manifests itself in the emergence of localization patterns. 
This is due to the deforming medium undergoing self-organization, with each pattern type observed for a given stage 
corresponding to the acting work hardening law (Fig 1). Such data has been obtained with the help of speckle-
photography technique described in detail elsewhere [1]. 
         Fig. 1. A typical example of plastic flow localization pattern (autowave) 
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To address the processes responsible for the distinctive features of localization pictures, a two-component model 
is proposed. The basic assumption of the model is that the deforming medium separates spontaneously into 
information and dynamic subsystems [4]. The information subsystem comprises a set of acoustic emission pulses 
generated in the course of flow; the dynamic subsystem incorporates elementary plastic deformation and is 
responsible for the form changing proper. A distinguishing feature of the model is the implication that the 
subsystems would interact with one another in the following way. In the course of deformation, generation of 
acoustic pulses would occur to initiate new dislocation shears, which, in turn, are accompanied by acoustic emission. 
By the tensile loading of the test specimen, the process of plastic flow occurs by stages with a change-over in the 
acting deformation hardening laws.  
2. Characteristics of localized plastic flow autowaves: experimental results 
2.1. Autowave rate 
     Our findings [1, 2] and complementary information along these lines obtained by other workers permit the 
following conclusion: the propagation rate of auto-waves is a function of the work hardening coefficient θ, i.e.  
 
θθ 1~0 Ξ+= VV aw ,                                                                                                                                (1) 
where 0V  and Ξ are constants and Ξ<<0V . It is of importance that auto-wave rates are in the range 
10−5 ≤≤ awV 10−4 m/s. Relation (1) applies to both the easy glide and the linear work hardening stage, with the 
constants 0V  and Ξ  having different values for the same stages.    
To begin our discussion of the nature of auto-wave processes, we must mention that plasticity waves occurring 
by impact loading are described in sufficient detail [5]. Plasticity wave rates are in the range 
10 ≤=≤ ρθpwV 102 m/s (cf. 10−5 ≤≤ awV 10−4 m/s). Apparently, pwaw VV << .  
Besides, the dependencies of wave rate on work hardening coefficient, V(θ), obtained for these two types of wave 
differ essentially in form, i.e. 21~ εpwV  [5] and 
1~ −θawV  (see equation (1)). The latter relation holds good for all 
the investigated materials whose plastic flow curve shows easy glide and linear work hardening stages. Thus, the 
above quantitative analysis of the wave characteristics suggests that we are dealing here with two altogether 
different types of wave.  
2.2. On the physical meaning of relation (1) 
     By considering the nature of localized plastic flow auto-waves, it might be pertinent to discuss the origin of 
dependency 1~ −θawV  and, in particular, the meaning of the coefficient Ξ from equation (1). An inherent feature of 
the deformation processes occurring in crystals is the propagation rate of elastic waves, i.e. sound rate SV . For most 
metals SV ≈ 5⋅10
3 m/s; hence 1010≈ΞSV . To account for relation (1), the Dirac large-numbers hypothesis [6] 
was invoked.  An appropriate dimensionless relation of the same order was also required which could be applied to 
the quantities associated with the deformation processesb. The relation of deforming medium’s viscosities defined 
for two limiting cases was thought to be an appropriate one, with the limiting cases being the quasi-viscous motion 
of dislocations, involving no interaction with local obstacles, and the break-away of dislocation segments from local 
obstacles. In the former case, the motion of dislocations occurs at high acting stresses; the dislocation velocity as a 
function of applied stress σ has the form BbVdisl σ=  (here b is the Bürgers vector; B ≈ (1…3)⋅10
−4 Pa⋅s is the 
coefficient of dislocation drag, which characterizes the viscosity of phonon gas in the crystal) [7]. In the latter case, 
viscosity is defined from internal friction measurements to yield η ≥ 3⋅106 Pa⋅s [8]. In the case of ultrasound waves, 
b
We had to overcome a certain difficulty since Dirac’s hypothesis was initially applied to values
in the ratio of about 10
32
.
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stresses have low amplitudes; therefore, the viscosities observed for micro-scale plastic deformation processes might 
have similar values. Hence the ratio ≈Bη 1010 and, consequently, BVS η≈Ξ . Then one can write 
  
SV
B
⋅≈Ξ
η
 .                                                                                                                                                (2) 
Equation (2) can be interpreted as follows. Complex systems capable of structure formation will spontaneously 
separate into an information subsystem and a dynamic one [4]. It is thus assumed that the information subsystem, 
which is  characterized by low-amplitude stresses and high viscosity, is represented by acoustic emission signals 
whereas the dynamic subsystem, which is characterized by high-amplitude stresses and low viscosity, is represented 
by the motion of individual dislocations and dislocation ensembles, with equation (2) formalizing the relationship 
between the two subsystems. Thus, the former subsystem is related to the processes involving elastic wave 
propagation and the latter, to dislocation plasticity proper.  
To better understand the physical meaning of equation (1), one can also invoke the notions incorporated into the 
concept of work hardening. It is assumed that ( )εθ lddVaw ~  (here l is the length of slip line). According to the 
work hardening concept proposed in [9], ( ) ( )*εεε −Λ=l , with Λ and *ε  depending on material kind; for linear 
work hardening, the coefficient of work hardening ( ) 213Λ≈ nbθ  (here b is the Bürgers vector of dislocations 
and n is the number of dislocations in a dislocation pileup). In the latter case, 2~ −Λ θ , i. e. 
  
2*
1
θ
θ
εε
κ
d
nbdVaw ⋅
−
⋅⋅≈ ,                                                                                                                      (3) 
where the coefficient κ  has the units [T−1]. With *εε −  depending only weakly on material type [9], equation 
(1) can be derived from (3), considering that 
                   
θεε
κ 1
* ⋅⎟
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⋅
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nb
Vaw ,                                                                                                                 (4) 
where Ξ≡
−
⋅
εε
κ
*
nb
.  
The coefficient Ξ  can be calculated by taking into account that the values Λ and *ε  depend only weakly on 
material kind and deformation [9]. Indeed, the derivative θddVaw ≈1.5·10−2 m/s can be estimated from the data 
reported in [1]. For the increment in the deformation δε ≈ 0.05, an increase in the length of slip line l is about 3·10−4
m [9]. Hence  
δε
θ
κ
ddVaw
≈ ≈10 s−1.  
Provided n ≈ 20 [9] and b ≈ 2·10−10 m, Ξ ≈ 8·10−7 m/s, which is close to the experimental value Ξ ≈ 5·10−7 m/s. 
The physical significance of the above difference lies in the fact that localized plastic flow auto-waves belong to 
an altogether different class of wave phenomena, which are not identical with plasticity waves [5]. Therefore, these 
two types of waves cannot be grouped together.  
3. Correspondence between localized plastic flow patterns and work hardening stages 
The multistage plastic flow curve ( )εσ  (here σ is the stress and ε is the strain) can be conveniently given by 
( ) nθεσεσ += 0 ,                                                                                                                                      (5)  
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where 2.00 σσ ≈= const  and εσθ dd=  is the work hardening coefficient. Depending on the work 
hardening law ( )εθ  acting at a given stage, the parabola exponent n from (5) takes on different values for the 
following stages: 
(i)   yield plateau ( )const=σ , n = 0;  
(ii)  linear work hardening ( )εσ ~ , n = 1;  
(iii) parabolic (Taylor’s) work hardening ( )21~ εσ , n = ½; 
(iv) pre-failure ( )nεσ ~ , n < ½. 
Using the exponent n, it is easy to distinguish stages on the plastic flow curve. The total deformation, t~ε ; 
therefore, the evolution and distinctive features of plastic flow localization patterns can be conveniently described 
by use of dependencies ( )tX , where X is the position of localized deformation nucleus (zone) and t is the loading 
time. Such dependences obtained for stages (ii), (iii) and (iv) is shown in Fig. 2 for the single crystal of chromium-
nickel steel. 
At the yield plateau stage the deforming specimen (n = 0) comprises two coexisting material volumes, i.e. an 
elastically deformed and a plastically deformed one, which are separated by a moving Lüder’s band front. Acoustic 
emission investigation was performed at the yield plateau for the deforming specimens of low carbon steel. It is 
found that an area ~10 mm in width, which generates acoustic pulses, coincides with a band that can be observed 
with the unaided eye. Thus, the deformation-related events that occur at the yield plateau are generally considered in 
the context of conventional Lüder’s band models. These are expected to localize on the interface between the 
elastically stressed and the plastically deformed specimen volume. Thus in the elastically stressed specimen volume 
there are no stress concentrators capable of generating shears; hence in the absence of acoustic emission no plastic 
deformation can be initiated in this zone. 
At the stage of linear work hardening in the deforming specimen there forms a set of equidistant localized 
deformation nuclei (phase autowave), which are traveling in a concerted manner at a constant rate awV  [1, 2] given 
by  
θη
S
aw
VB
V ⋅≈ ,                                                                                                                                                  (6) 
where SV  is the propagation rate of ultrasound waves, B is the coefficient of viscous drag of dislocations and  η  is 
the dislocation viscosity of the crystal, which is determined from damping experiments. The quantity B controls the 
motion of dislocations over the local barriers, with the moving dislocations not interacting with the defects; this is 
the function of density of the phonon and electron gases in the crystal. The investigations of ultrasound rate were 
carried on, for example, for polycrystalline Al. It was found that for the stage of linear work hardening, 
constVS =  and const=η ; hence from (6) follows that constVaw ≈ . 
At the stage of Taylor’s work hardening (n = ½) cross-slip processes bring about avalanche-like growth of 
dislocation density within the localized flow nuclei with a resultant increase in the dislocation viscosity η  so that, in 
accordance with (6), the nuclei’s velocity would tend to zero, i.e. 0≈awV . The registration of acoustic pulses in 
these experiments was carried on simultaneously with the plotting of plastic flow curve ( )εσ for the deforming 
specimens. Matching of the two sets of experimental data has revealed the occurrence in the material volume of 
equidistant stationary zones that are distinguished by high density of ultrasound pulse emission.   
At the stage preceding specimen fracture (pre-failure stage), each localized deformation nucleus would resume 
motion at a constant rate of its own, which depends on the distance between the place of its nucleation and the zone 
of future failure: the farther away the place of nucleation, the higher the nucleus’ rate. At the pre-failure stage the 
straight lines ( )tX  (nuclei’s position vs time) would form bundles, with the co-ordinates *X and *t of bundle 
centers indicating, respectively, the place and the instant of time at which specimen failure is bound to occur. Thus, 
from the onset of pre-failure stage, the localization nuclei would move in a concerted manner, which enables their 
simultaneous “arrival” at the same place. This implies that the location of failure and the specimen life are 
determined by the processes involved in the earlier stages of plastic flow. Finally, only one flow nucleus would 
survive: it is a forerunner of failure whose place of initiation pinpoints the location of future macroscopic necking 
and viscous failure. The motion of localized plasticity nuclei is attributed to a decrease in the coefficient of work 
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hardening from (6), which is observed at the final plastic flow stage, and to concurrent growth of ultrasound rate 
SV , which was determined experimentally in [1].  
Fig. 2. Diagram ( )tX  obtained for a BCC alloy specimen; alloy composition Fe-18 wt.% Cr-12 wt.%Ni 
In the framework of the model being developed, the emergence of new localized plasticity patterns at the pre-
failure stage might correspond with the condition of interference of the acoustic emission pulses of active 
deformation nuclei already in existence. At the end of pre-fracture stage the system of localized plastic flow nuclei 
(Fig. 2) would collapse [4] to bring the plastic deformation to an end and to cause viscous crack initiation.  A 
transition from stable plastic flow (linear and Taylor’s stages of work hardening) to the pre-failure stage followed by 
macroscopic necking and viscous failure might be regarded as “collapse” of the plastic flow process or else as 
merging of localization nuclei in the location of future failure [1] due to a change in the deforming medium 
properties in the course of plastic flow. Such transition can be considered as “loss” of deformation stability. 
Thus, the evolution of plastic flow localization patterns is found to exhibit certain regularities. On the base of 
data obtained a new method of monitoring is being developed, which allows one to predict the instant of time and 
the location of failure in loaded materials and articles made from the same materials. It has been established that this 
method has sufficient accuracy. Special check-up experiments were conducted, which showed a good fit between 
the experimental critical points, which are suggestive of imminent failure, and the analogous critical points at the 
intersection of extrapolated ( )tX  plots. 
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